Endothelial cell (EC) dedifferentiation in relation to neovascularization is a poorly understood process. In this report we addressed the role of Wnt signaling in the mechanisms of neovascularization in adult tissues. Here, we show that a low-dose of 6-bromoindirubin-3′-oxime (BIO), a competitive inhibitor of Glycogen Synthase Kinase (GSK)-3β, induced the stabilization of β-catenin and its subsequent direct interaction with the transcription factor NANOG in the nucleus of ECs. This event induced loss of VE-cadherin from the adherens junctions, increased EC proliferation accompanied by asymmetric cell division (ACD), and formed cellular aggregates in a hanging drop assays indicating the acquisition of a dedifferentiated state. In a chromatin immunoprecipitation assay, nuclear NANOG protein bound to the NANOG-and VEGFR2-promoters in ECs, and the addition of BIO activated the NANOG-promoter-luciferase reporter system in a cell-based assay. Consequently, NANOG-knockdown decreased BIO-induced NOTCH-1 expression, thereby decreasing cell proliferation, ACD and neovascularization. In a Matrigel plug assay, BIO induced increased neovascularization, secondary to the presence of VEGF. Moreover, in a mouse model of hind limb ischemia, BIO augmented neovascularization that was coupled with increased expression of NOTCH-1 in ECs and increased smooth muscle α-actin (SMA) + cell recruitment around the neovessels. Thus, these results show the ability of a lowdose of BIO to augment neovascularization secondary to VEGF, a process that was accompanied by a partial dedifferentiation of ECs via β-catenin and the NANOG signaling pathway.
INTRODUCTION
In adults, most cells exit from the cell cycle to undergo differentiation; however, cardiomyocytes and ECs have long been thought to undergo terminal differentiation [1] [2] [3] . Contrary to this long held view, a current model posits that in response to tissue injury, resident cells surrounding the injured area migrate and rapidly re-enter the cell cycle to induce tissue regeneration [4] [5] [6] . Accumulating experimental evidence suggests the presence of an intrinsic mechanism of in situ tissue regeneration [7] [8] [9] [10] [11] [12] [13] [14] [15] , however, the underlying mechanisms are not well known.
Transcription factors that regulate the reprogramming of somatic cells into iPS cells include the embryonic genes Nanog, Oct4, Sox2, and Klf4 [16] . In particular, transcription factor Nanog is known for its ability to convert somatic cells into a pluripotent stem cell state [17] [18] [19] [20] , while Wnt signaling mediates the expression of NANOG [21] . The expression of Nanog is highly enriched in vivo in sprouting ECs, including those found in the capillaries, dorsal aorta, and intersomitic vessels [21] . ECs express several Wnts, Wnt receptors and coreceptors [24] [25] [26] [27] . Wnt signaling is known not only to regulate stem cell self-renewal [28] [29] [30] , but also to upregulate expression of NANOG in ECs [21] . These observations led us to consider if the activation of canonical Wnt signaling induces dedifferentiation of mature ECs into an immature phenotype by activating Nanog. Loss of cell-cell adhesion, disappearance of VE-/E-cadherins from adherens junctions, increased proliferation, formation of cellular aggregates, asymmetric cell division (ACD), and acquisition of migratory phenotypes are considered hallmarks of cellular dedifferentiation [4, 5, 7, 8, [22] [23] . These events are considered crucial for wound healing and tissue regeneration in adults [7] [8] [9] [10] [11] [12] [13] [14] [15] .
Activation of the canonical Wnt pathway inhibits GSK-3β from phosphorylating β-catenin, resulting in the accumulation of active β-catenin polypeptide species that translocate into the nucleus to activate Wnt gene targets, including NANOG [21, [28] [29] [30] . Small molecule inhibitors of GSK-3β, BIO and CHIRON99021, have been shown to be effective at nanomolar concentrations [31] [32] [33] . Interestingly, BIO promotes and enhances the reprogramming of somatic cells into induced pluripotent stem cells via the induction of Nanog and Oct4 [34] [35] [36] . Since BIO induced dedifferentiation of cardiomyocytes [34] and rescued the angiogenic phenotype in R-spondin-1-deficient zebrafish [37] , we addressed the hypothesis that BIO-mediated activation of NANOG in ECs can induce partial dedifferentiation of these cells secondary to presence of VEGF, thereby augmenting neovascularization in vivo. Accordingly, we demonstrated that a low-dose of BIO has the ability to induce an interaction between β-catenin and NANOG in the nucleus of HUVECs and HSaVECs, which controls neovascularization via the upregulation of NANOG gene networks.
primer 5′-CTGTCACTCCTGATCTCCACTG-3′ (product size 100 bp); GAPDH (NM_002046.3), forward primer 5′-TTGCCATCAATGACCCCTTCA-3′, and reverse primer 5′-CGCCCCACTTGATTTTGGA-3′ (product size 174 bp); BRACHYURY (NM_080646.1), forward primer 5′-AAGGACAAGGAAGTGAAAGCTG-3′, and reverse primer 5′-GCTCCACTTCTCTCTCTGGTGT-3′ (product size 58 bp); CD133 (NM_001145852.1), forward primer 5′-TTGGAGTGCAGCTAACATGAGT-3′, and reverse primer 5′-TGCTGGACACCAGATCTAAGAA-3′ (product size 100 bp); β-Catenin (NM_001098209.1), forward primer 5′-ACAAATGGATTTTGGGAGTGAC-3′, and reverse primer 5′-CTTGTGATCCATTCTTGTGAC-3′ (product size 58 bp); CD31 (NM_000442.4), forward primer 5′-AGCCCTAGAAGCCAATTAGTCC-3′, and reverse primer 5′-GCAATTCTTAGGGGACAGTGAC-3′ (product size 57 bp); von Willebrand Factor (vWF) (NM_000552.3), forward primer 5′-AGGAGGAGTGCAAAAGAGTGTC-3′, and reverse primer 5′-TACTCATCACAGCACTGGGTCT-3′ (product size 85 bp). BrdU incorporation was performed using 5-Bromo-2′-deoxy-uridine Labeling and Detection Kit II (Roche, Branchburg, NJ) assay, quantification and imaging were performed as previously described [21, 43] .
RESULTS

BIO Regulates the Stabilization of β-catenin and its Association with NANOG in the Nucleus, and Mediates NANOG-promoter Activity
We used HPAECs, HUVECs, and HSaVECs for this report. First we established 0.2 μM BIO as an optimal concentration that elicited a proliferative response in HUVECs in presence of VEGF (50ng/ml) (Fig. S1&S2 ). This concentration of VEGF was necessary for optimal proliferation of these cells and included for all in vitro experiments (excluding ELISA and co-IP), as BIO alone was not highly effective without VEGF. Analysis of ECs stained with anti-β-catenin and anti-NANOG antibodies showed basal NANOG expression in untreated control HUVECs (Fig. 1A) . BIO-treated (6 hrs) ECs showed increased colocalization of β-catenin with NANOG in the nucleus (Fig. 1B) . In contrast, immunostaining with anti-VE-cadherin and anti-NANOG showed no colocalization of these two proteins in the nucleus, although intense staining of NANOG in the nucleus was clearly evident after BIO treatment (Fig. 1C) . After treatment of the ECs with 0.2 μM BIO for 36 hrs, VE-Cadherin (green) became less apparent, while the accumulation of NANOG (red) in the nucleus clearly increased (Fig. 1D-F) . We also confirmed that Wnt3a induced NANOG accumulation in HUVECs (Fig. S3) . Thus, the staining and microscopy analyses indicated the loss of VE-cadherin from adherens junctions in ECs that were treated with BIO (0.2μM) or with Wnt3a ( Fig. S3D-F) . The phosphorylation of GSK-3β at Ser9, thereby increase in non-phosphorylated β-catenin and NANOG in was confirmed by Western blot (Fig. 1G) . To address whether β-catenin interacts with NANOG, HUVECs were growth factor starved overnight, thereafter nuclear extracts were subjected a co-immunoprecipitation (co-IP) assay. Reciprocal co-IP showed a minimal basal interaction of β-catenin with NANOG in control ECs (Fig. 1H) , while the interaction of β-catenin with NANOG increased in response to BIO treatment (16 hrs). When nuclear extracts were subjected to immunoprecipitation with anti-NANOG antibody, the β-catenin polypeptide level was always higher. In contrast, anti-β-catenin did not co-IP equivalent level of NANOG polypeptide. However, this association was highly enriched in response to BIO treatment of ECs (Fig. 1H) . To examine whether their interaction is direct, we carried-out far-Western assays (also called ligand blotting). Far-Western analysis showed that NANOG protein was bound to the 85 kDa β-catenin polypeptide species but not to Glut-1 (Fig. 1I , top panel, negative control). The identity of the β-catenin polypeptide was confirmed by reprobing the membranes with anti-β-catenin antibody (Fig. 1I, bottom panel) . These data indicate that β-catenin binds to NANOG directly, which may be responsible for the BIO-mediated (0.2 μM) increased number of ECs observed in Fig. S2 .
Analyses of the human NANOG-promoter/enhancer from −2298 to +1 relative to the transcription start site (TSS) identified 18 NANOG binding sites (ATTA), while the BRACHYURY-promoter showed 15 sites (ATTA) within the −3.8 kb upstream of the TSS (Fig. S4&S5 ). Supplemental Table 1 shows the primers used to detect NANOG binding sequences flanking the putative NANOG-binding sites on the NANOG-, OCT4-, BRACHYURY-, CD133-and VEGFR-2-promoters and to amplify expected PCR products prepared from the anti-Glut-1 (control) and anti-NANOG antibody chromatin IPs. To test the hypothesis that NANOG binds to the NANOG-promoter and that NANOG can also bind to the OCT4-, BRACHYURY-, CD133-and VEGFR-2-promoters in HPAECs and HUVECs in response to BIO stimulation, we subjected these cells to ChIP experiments. Accordingly, NANOG, OCT4, BRACHYURY, CD133 and VEGFR-2 promoters were enriched only in the cells receiving BIO and not the control ECs (Fig. 1J ). These data establish that NANOG not only auto-regulates itself but can also bind the endogenous OCT4-, BRACHYURY-, CD133-and VEGFR-2-promoters in two different types of ECs in response to BIO treatment.
A −2.1 kb-NANOG promoter/enhancer genomic fragment was subcloned into pGL4.84 in a promoterless vector to drive the luciferase gene, generating pGL4.84-(−2.1 kb-NANOG) (Fig. 1K) . To test if stimulation of these cells with BIO leads NANOG to bind to and activate the NANOG promoter and to drive expression of the luciferase reporter gene, ECs were transiently transfected with the pGL4.84-(−2.1kb-NANOG) construct along with β-galactosidase as a tracer. Using the NANOG-promoter/enhancer luciferase reporter gene that signifies the activation state of NANOG-sensitive transcription, we treated transfected ECs with the vehicle alone (control) or with BIO (0.2 μM) and assayed for optimal luciferase activity 6 hrs post-treatment (Fig. 1L ). There was a generalized increase in luciferase activity (5-fold) after 6 hrs even without BIO treatment in ECs transfected the NANOGsensitive pGL4.84-(−2.1 kb-NANOG) construct; however, BIO treatment induced a ≥17-fold increase in luciferase activity. The ability of BIO to increase the accumulation of β-catenin in the nucleus, where it binds NANOG, as well as to activate the NANOG reporter gene is, therefore, a key mechanism related to the function of the β-catenin-NANOG pathway in BIO's action.
BIO Promotes Aggregation of ECs in a Hanging Drop Assay and Concomitantly Induces
Expression of Pluripotency-Associated Genes in presence of VEGF BIO induced cellular aggregates in a hanging drop assay (Fig. S6) . The formation of cellular aggregates is henceforth considered a dedifferentiated phenotype (an immature cell state). To address the proposed mechanisms underlying the phenotypic switch, mRNAs and cell extracts were prepared for q-RT-PCR and Western blot analyses. As shown in Fig. 2A , we observed increased levels of transcripts for β-catenin, NANOG, BRACHYURY, OCT4, CD133, and FLK1 in ECs treated with BIO. In contrast, the levels of mature EC markers CD31 and vWF transcripts decreased. Immunostaining followed by microscopic analyses revealed increased β-catenin and NANOG but decreased VE-cadherin and vWF in BIOtreated ECs (Fig. 2B-I ). Immunoblotting of cell extracts showed increased nonphosphorylated β-catenin (nuclear), NANOG (nuclear), NOTCH-1 (280 kDa), the NOTCH intracellular cleaved domain (NICD), DLL4, and NUMB, while VE-cadherin decreased and GAPDH remained unchanged (Fig. 2J ). These data demonstrate the potential of BIO to induce expression of stemness genes and proteins in ECs.
BIO Augments EC proliferation and Asymmetric Cell Division (ACD) in the presence of VEGF
To evaluate BIO-induced proliferative activities, we monitored BrdU uptake as a measure of HUVEC entry into the S-phase of the cell cycle. The timeline of the BrdU experiment is as shown (Fig. 3A) . Without VEGF and BIO the basal proliferation of ECs were close to 7%, while addition of BIO (0.2 μM) alone, with no VEGF increased proliferation of these cells to >35% ( Fig. 3B-D) . The proliferation of ECs in presence of VEGF (50ng/ml), without BIO was 60% (Fig. 3B , E, G). However, the proportion of BrdU-positive cells was significantly higher (>80%) in ECs receiving BIO (0.2 μM) + VEGF (50ng/ml) in the culture compared to untreated control ECs (Fig. 3B, F , H). The BrdU assays showed morphologically distinguishable symmetric cell division (SCD) in control cells, whereas cells receiving BIO showed both SCD and ACD subpopulations ( Fig. 3G and H) . Next, FACS assay of HUVECs receiving either VEGF (50ng/ml) or BIO (0.2 μM), or together were monitored by annexin-v and propidium iodide (PI) staining. Interestingly, both VEGF and BIO either alone or in combination reduced basal apoptosis and necrosis of HUVECs, thereby favoring cell survival (Fig. S7A&B) . Accordingly, Western Blot analysis indicated that this increase in proliferative activity was accompanied by increased Cyclin-D1 expression and decreased levels of p21 and p53 proteins (Fig. 3I ).
To examine BIO-induced ACD and the contribution of NANOG to this process, we performed BrdU experiments using 0.2 μM BIO to stimulate HUVECs in culture in the presence of VEGF. ACD was quantified as a percentage of the total number of dividing cells. Control HUVECs showed a limited pool of asymmetrically dividing cells (7%) (Fig.  4A ). As expected, the addition of BIO increased the ACD population from 7.5 to 27.8% ( Fig. 4A and Fig. S7 ). To test the importance of NANOG in BIO-induced ACD in ECs, we knocked down NANOG in BIO-treated HUVECs. Supporting the importance of NANOG in ACD in ECs, we found that NANOG knockdown significantly decreased the ACD/BrdU + EC subpopulation close to basal levels, from 27.8% ± 1.18% for the BIO-treated cells to 10.5% ± 1.22% for the BIO-treated NANOG-knockdown cells (Fig. 4A) . Efficiency of NANOG-knockdown cells was confirmed by Western blot (Fig. 4B) . These data indicate that BIO can induce both SCD and ACD in ECs and that NANOG knockdown decreases the ACD subpopulation significantly. Representative images of SCD and ACD are shown in Fig. 4C -L. CD133 and NOTCH-1 staining of control ECs revealed very little or no signal ( Fig. 4G and I ), yet staining with DAPI (a nuclear marker) showed morphologically distinguishable symmetric nuclei (white arrows, Fig. 4I ). However, in a subpopulation of ECs receiving BIO, the intensity of anti-CD133 (Fig. 4H ) and anti-NOTCH-1 (Fig. 4J ) staining was stronger, and the nuclear content was morphologically unequal (Fig. 4E, F , H, J, white arrowheads). As NOTCH-1 is known to regulate cell fate determination by binding to DLL4 on the cell surface, we used DLL4 to examine ACD and SCD. Thus, NOTCH-1 and DLL4 staining provided evidence that NOTCH-1 protein was distributed unevenly in the ACD subpopulation (Fig. 4J, M and N) . In addition, we observed increased coexpression of NUMB with low-level NOTCH-1 in smaller daughter cells (Fig. 4N) . These data show that BIO induces ACD in a subset of ECs by upregulating NANOG.
BIO induces the Secretion of Angiogenic Factors and Angiogenic Activities of ECs in vitro
To monitor whether BIO can induce the migration of HUVECs, we performed Boyden chamber and wound-healing scratch assays. Timeline of the migration assay is shown (Fig.  5A ). Fig. 5B shows the migration of the ECs to the lower surface of Boyden chamber transfilters in response to increasing concentrations of BIO (0, 0.05, 0.2, and 0.5 μM). In the absence of BIO (control), ECs showed basal migration. However, ECs responded significantly to BIO treatment, and this increased response was concentration-dependent (0.2 and 0.5 μM), with the peak response greater than 16-fold over the control ECs. Thus, the optimal concentration of BIO that is needed to induce migration over 6 hrs was 0.2 μM. Representative images of the Boyden chamber filter assay are shown in Fig. 5C-F . Next, to test whether BIO can induce wound closure, we performed a scratch assay on a confluent EC monolayer. Over a period of 6 hrs, there was ~15% wound closure in the absence of BIO (control) (Fig. 5G-I ). In contrast, the EC monolayer receiving BIO showed significant cell movement toward the open scratched area, which induced 60% wound closure (Fig. 5J-L) . To test whether ECs can secrete angiogenic factors, growth factor-and serum-starved ECs were stimulated with BIO (in serum-free media) for 6 hrs. Media collected at 0, 3, and 6 hrs was then subjected to ELISA. Fig. 5N shows the ability of BIO to induce the secretion of Ang-2, bFGF (low level), IL-8 (low level), and TIMP-1 over a period of 3 and 6 hrs. VEGF was not detectable (data not shown). Together, these data show that BIO not only induces cell migration and wound healing but also induces the expression of angiogenic factors.
To examine the effect of BIO on this angiogenic response in vitro, we used growth-factorreduced Matrigel supplemented with bFGF (20 ng/ml) and VEGF 165 (50 ng/ml). The timeline of an in vitro branching point structure assay is shown in Fig. 5O . As control HUVECs plated on Matrigel elongate, interconnect and assemble into vascular-plexus-like structures, we observed secondary sprouting with fine branching points. After 18 hrs, we counted the branching point structures. Thus, stimulation of ECs with 0.1 and 0.2 μM BIO increased branching points in Matrigel in vitro (Fig. 5P) . Representative images of branching points are shown in Fig. 5Q -S. These data show that BIO increases angiogenic activities of ECs in Matrigel in vitro.
BIO Augments Neovascularization in Matrigel plugs and in a Mouse Model of Hind Limb Ischemia (HLI)
Next, we evaluated the capacity of BIO to induce neovascularization in Matrigel plugs in two groups of nude mice. In the first group, mice received Matrigel+BIO (0.2 μM), while in the second group, mice received Matrigel containing control HUVECs or HUVECs that were pre-treated with BIO (0.2 μM). Fig. 6A shows the timeline of the Matrigel plug assay. Fig. 6B -E shows the representative Matrigel plugs retrieved at day 7 from the nude mice. Fig. 6F shows the quantification of H&E stained venous structures. The presence of red blood cells in the H&E stained sections indicated the formation of neovessels in the Matrigel plugs, as shown in Figure 6G -J. Fig. 6F&H show a significant increase in neovascularization after 7 days in the nude mice receiving the Matrigel + BIO (0.2 μM), whereas the control Matrigel alone elicited minimal venous formation (Fig. 6F&G) . In the next set of experiments, HUVECs were left untreated or treated with BIO prior to mixing with Matrigel (Fig. 6I-J&N-S) . To differentiate HUVECs (human cells) from mouse ECs, sections were stained with anti-human vWF (red) and anti-mouse CD31 (green) antibodies. Quantification of anti-SMA + vascular structures indicated increased neovessel formation in BIO treated group compared to control (Fig. 6K) . As shown in Fig. 6L -O, the representative images of vWF− and CD31-stained Matrigel plugs consistently revealed neovessels in BIO treated groups, and the presence of highly autofluorescent red blood cells indicated functional veins (Fig. 6O-Q) green autofluorescent erythrocytes and leukocytes). Similarly, the quantification of anti-vWF and anti-NOTCH-1 staining revealed increased neovessels in the BIO-treated group, compared with the control (Fig. 6R&S) . The presence of green autofluorescent erythrocytes and leukocytes demonstrated functional neovessels. We also used anti-Ephrin-B2 and Hey-2 antibodies to label ECs, however, it remained unclear if venous ECs acquired arterial phenotype or not (data not shown).
Next, to address the efficacy of BIO in neovascularization, we used a mouse model of HLI. The experimental strategy and timeline are shown in Fig. 7A . Mice (n=3 in each group) were subjected to unilateral HLI. All mice subjected to surgery appeared healthy during and after the operative period. There was no sign of toxicity or death associated with BIO treatment among the groups. H&E and anti-vWF staining experiments followed by microscopy of control and BIO-treated lower limb muscle sections showed that the normal vascular and overall tissue architecture was preserved, indicating no obvious vascular pathology such as edema or hemorrhage (Fig. S9) . Importantly, BIO induced Nanog expression at levels greater than 1000-fold, whereas there was no change in the expression of Gapdh in the lower limb muscles (Fig. 7B) . At day 28, lower limb tibialis anterior (TA) muscles were collected, fixed, and subjected to immunohistochemistry using anti-mouse vWF anti-mouse α-SMA antibodies. There were more vWF-positive vascular structures in ischemic muscles from all mice after 28 days relative to controls (Fig. 7C-E) . Accordingly, the quantification of α-SMA + neovessels showed increased recruitment of α-SMA + cells after BIO treatment (Fig. 7F-H) .
DISCUSSION
Here, we showed that the stimulation of ECs with BIO in the presence of VEGF (i) induced an interaction of β-catenin with NANOG; (ii) increased the expression of transcriptional networks centering around the NANOG gene in ECs which induced partial dedifferentiation of these cells; (iii) augmented neovascularization in Matrigel plugs and (iv) in ischemic hind limb TA muscles.
We observed increased proliferation at 0.2 to 0.5 μM concentrations, but concentrations of 1 μM and above reduced the proliferation of HUVECs. This is the first report of the ability of BIO to induce proliferation of ECs at 0.2 μM and 0.5 μM concentrations. In Zebrafish, BIO (0.5 mM) rescued Rspo1 angiogenesis defects with no toxic effects [37] . By contrast, persistent death of tumor cells in culture and orthotopic tumor implant assays required doses of BIO above 100 μM [38] . The observation that BIO increased proliferation, migration, and neovascularization clearly indicates the ability of low dose BIO to induce positive effects in these processes. Thus, sensitivity to BIO is likely to differ among cells of different origins. The additive effect of BIO was secondary to the presence of VEGF in all of these processes. Since VEGF is a known EC-specific mitogen and a survival factor, we did not address the role of VEGF in this report.
Our staining and microscopy analyses indicated the ability of BIO to disrupt the cobblestone morphology of endothelial cells. If fact, BIO treatment induced the loss of VE-cadherin from adherens junctions in a consistent manner while increasing the accumulation of β-catenin in the nucleus. The loss of VE-cadherin from adherens junctions induced loss of cell-cell adhesion, and this phenotype is a hallmark of cellular dedifferentiation [4, 5, 22, 23] . Increased colocalization of β-catenin and NANOG in the nucleus was evident in ECs stimulated with BIO. Although we were able to demonstrate an increased binding of NANOG to β-catenin through co-IP experiments, anti-NANOG consistently co-precipitated a higher amount of β-catenin polypeptide. However, anti-β-catenin co-IPs did not pull down the NANOG polypeptide at an equivalent level. These data suggest that nuclear β-catenin may not only bind to NANOG but may also bind to another molecule(s). For example, nuclear β-catenin is known to displace TCF3 [39] . We surmise that local concentrations of β-catenin and NANOG polypeptides in the nuclei of ECs are not equivalent. If these assumptions are correct, then it could explain why we always observed higher levels of β-catenin in anti-NANOG IPs. Alternatively, the anti-β-catenin antibody epitope is close to the NANOG-β-catenin interaction site. For this reason, we performed a far Western experiment to assess if their interaction is direct or indirect. In this experiment, purified NANOG protein bound to the β-catenin polypeptide in the nitrocellulose filter directly. The binding of β-catenin to NANOG has also been observed in the human glioblastoma U87 cell line in response to BIO (data not shown). Thus, these data suggest that NANOG plays a permissive role in ECs.
To address the mechanism of NANOG activation and the relationship between NANOG and the NANOG and BRACHYURY promoters, we selected promoter elements containing putative NANOG binding sites [21] . Accordingly, the results from the ChIP assay showed that NANOG binds to the NANOG and BRACHYURY promoters. The luciferase reporter assay also confirmed the critical role of NANOG in stimulating the NANOG promoter and the requirement of BIO in this response. The NANOG promoter is also reactive to cell surface receptor agonist stimulation by proteins such as BMP4 and TGF-β [17, 18] ; therefore, it is likely that the NANOG promoter is not only under the singular transcriptional control of NANOG but also of KLF4, OCT4, and SOX2. These experiments established that BIO mediates the stabilization of β-catenin, which then translocates into the nucleus to bind NANOG. Importantly, BIO induced the aggregation of ECs in a hanging drop analysis, i.e., induced EnMT or dedifferentiation. In contrast, there was no such cellular aggregation in untreated control ECs. Because these cellular aggregates that were grown suspended upside down resembled EnMT, we subjected these cells to a q-RT-PCR assay for Wnt/β-catenin target genes including NANOG. Thus, we observed an increased expression of a transcriptional network centered on NANOG, including NANOG itself, OCT4, BRACHYURY, CD133, and FLK1, but decreased expression of vWF and CD31. Bona fide markers of immature EC lineage BRACHYURY, CD133, and FLK1 were upregulated, while the downregulation of VE-cadherin, CD31 and vWF proteins strongly support the hypothesis that BIO mediates a phenotypic switch from a mature EC toward an immature EC state, and that this phenotypic switch is accompanied by the increased expression of the NANOG transcriptional gene network.
Rapid re-entry into the cell cycle is considered a characteristic of dedifferentiation and neovascularization [4] [5] [6] [7] [8] [9] 38, [40] [41] [42] . BrdU assays indicated a significant increase in cell proliferation after the addition of low-dose BIO to ECs (0.2 and 0.5 μM; P<0.05). Because ECs were asynchronously growing in presence of serum and VEGF, some of the cells may have either escaped from S-phase or did not enter S-phase. However, it is clear that BIO not only induced BrdU uptake but also induced a decrease in p21 and p53, while it increased Cyclin-D1 protein levels. Upon closer examination of BrdU-labeled cells, it became apparently clear that there was a subpopulation of BrdU + cells whose nuclear and cytoplasmic contents were distributed unequally between the two daughter cells. This morphologically distinguishable unequal distribution of cellular and nuclear contents resembled ACD. These observations, together with the ability of BIO to induce the formation of cellular aggregates and the expression of a NANOG transcriptional network, suggest that during neovascularization ECs likely undergo a phase of dedifferentiation. Recent studies from our laboratory and those of others have raised the possibility that mature ECs may have the ability to dedifferentiate in response to Wnt3a stimulation, giving rise to highly proliferative cells [31, [43] [44] [45] [46] . ACD, a conserved biological process in which the parent cell divides unequally and gives rise to two daughter cells with different fates, is a process that generates cellular diversity and stratification and is also a hallmark of stem cell self-renewal [22, 23] . One daughter cell undergoes differentiation (e.g., high Notch-1 content, low Numb), while the other daughter cell (e.g., low Notch-1, high Numb) remains connected to a stem cell niche and continues the self-renewal process [22, 23] . As ACD can be tracked using the cell markers NOTCH-1, NUMB, and CD133, we used these markers to examine BIO induction of ACD in ECs. It was not surprising to find that the distributions of CD133, NOTCH-1 protein, and DLL4 were unequal among BIO-treated ACD cells. Because NOTCH-1 and DLL4 are highly enriched in the stalk and the tip cells, respectively, during neovascularization, the ability of BIO to induce expression of these two critical molecules further strengthens our overall hypothesis. Increased expression of NUMB in ECs (the daughter cell with a smaller nucleus) also suggests that BIO induces the expression of an endogenous inhibitor of NOTCH-1 signaling in the daughter cells. As it is currently understood, the cell with the smaller nucleus (high NUMB, but low NOTCH) represents a progenitor compartment, while the larger nucleus with higher levels of NOTCH and low NUMB signals a differentiated phenotype. Since NOTCH is known to activate rapid reentry into the cell cycle and progression in quiescent cardiomyocytes [44] [45] [46] , our data suggest that ECs undergo partial dedifferentiation after BIO stimulation. However, detection, identification and characterization of ACD in vivo have proven to be a very difficult task. Nonetheless, we show that NANOG knockdown of BIO-treated ECs decreased ACD in vitro, indicating the critical role of NANOG in the acquisition of the ACD phenotype.
Based on the above results, we also postulate that BIO not only induces increased cell proliferation but might also induce a migratory phenotype of ECs. Accordingly, our data demonstrates the ability of BIO to both induce chemotactic migration across the Boyden chamber and to close a wound in a scratch assay, which raised the clear potential of BIO's ability to augment neovascularization. Additionally, ELISA provided evidence that BIO induced secretion of the potent angiogenic factors Ang-2, bFGF (low level), IL-8 (low level), and TIMP-1, although VEGF was not detectable. Ang-2, by binding to its cell surface receptor Tie-2, signals not only for neovessel maturation and stability but also exerts antileak and survival activities. Basic FGF is a potent angiogenic factor. These findings suggest that the observed chemotactic and migratory activities of ECs following stimulation with BIO are likely due to the combined actions of these secreted angiogenic factors. Thus, these findings provided us with the impetus to carry out subsequent in vitro and in vivo angiogenesis assays.
Quantification of the functional endpoints strongly indicated that BIO can induce neovascularization in vitro and in vivo at 0.1 and 0.2 μM doses, and these processes involve the contribution of NANOG transcriptional networks, as NANOG knockdown abolished Wnt3a-mediated angiogenesis [21] . We used several markers to identify and quantify neovessels including anti-SMA. Matrigel plugs loaded with BIO showed increased vessel density, compared with control. This trend was similar in ECs that were pretreated with BIO. In Matrigel plugs, we attempted to distinguish venous, arterial and lymphatic ECs using several different markers including Notch-1, Ephrin-B2, Hey-2, anti-alpha-SMA, Prox-1 and LYVE antibodies. In plugs containing HUVECs or HSaVECs or no cells, the host ECs recruited into the Matrigel plugs were heterogeneous including venous, arterial and lymphatic markers. Thus, the origin of ECs recruited into the Matrigel plugs are likely heterogeneous. Although BIO decreased vWF expression in vitro (Fig 2F, G) , the vWF + vascular structures increased in vivo. As vWF is best known for its important role in hemostasis, it has been used as a marker for vessel injury or inflammation. Proinflammatory agent such as TNFα is known to induce the expression of vWF. Thus, we speculate that the increase in vWF in vivo may have be due to increased inflammatory action of factor(s) such as TNFα. In a HLI model, mice undergoing HLI received one dose of BIO injection (intramuscular) directly into the lower limbs; thereafter, BIO was given in drinking water at 0.2, 0.4, or 0.6 μM concentration for 28 days. At the end of 28 days, there was no apparent sign of toxicity in these mice. Interestingly, BIO induced Nanog expression in the TA muscles and also in the liver. Although the effect of BIO is likely to be pleiotropic in vivo, we can at least infer that BIO is able to induce Nanog expression in vivo and to exert no visible toxicity. In the HLI model, it remains unclear if the effect of BIO in neovascularization were solely mediated by Nanog. Because both neovascularization and arteriogenesis are crucial for adaptation and regeneration following pathological events such as tissue ischemia or injury [47, 48] , we used FAL to induce HLI and to model aspects of human occlusive artery disease to investigate vascular regeneration and to test the efficacy of BIO. In vivo, when BIO is given in drinking water it could act on several different cell types including venous, arterial and lymphatic vessels. However, without injury or ischemia BIO did not induce appreciable dedifferentiation of normal quiescent cells or tissues.
Summary
In summary, we have demonstrated that BIO-induced neovascularization is associated with the dedifferentiation of venous to arterial ECs and that this process is NANOG specific. Although we propose a simplistic view of dedifferentiation (Fig. S10) , unbridled conversion of venous to arterial ECs (or more immature cells) could trigger pathological conditions such as tumor formation or cardiovascular events. However, further studies will be required to address these possibilities.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Table 1 Oligonucleotides used for the amplification of the NANOG-, OCT4-, BRACHYURY-, CD133-, VEGFR2-promoters using the anti-Glut-1 (control) and anti-NANOG chromatins. 
